Introduction
Diseases like retinitis pigmentosa and age related macular degeneration affect the function of the retina. In both cases prolonged photoreceptor loss leads to partial or total blindness. If photoreceptors are damaged or not working properly the remaining network is not able to provide accurate signals to the brain. Fortunately, it seems that bipolar cells and ganglion cells are not or only little affected by these diseases. Retinal implants try to activate the remaining neurons by the means of electric stimulation using micro-electrode arrays. Several research groups are developing retinal implants to restore vision to blind people suffering from diseases like retinitis pigmentosa and age related macular degeneration [1] [2] [3] . Two major approaches are currently in clinical trials: (i) epiretinal prostheses which are located between retina and vitreous body and (ii) subretinal implants which are positioned between retina and sclera. In this study we only examined subretinal electrode configurations which are designed to take advantage of surviving retinal circuitry.
Methods
The calculation of transmembrane voltage during extracellular stimulation requires quantitative knowledge on the extracellular voltage which is generated by the stimulating elements in a subretinal location. Therefore, we realized the computations in two separate steps. First, the examined electrode configurations (disc, ring) were positioned into a spatial volume containing the electrode car- Fig. 1C ) which replaces the vitreous body in retinal implant patients after vitrectomy [4] . The distant return electrode used in the retinal implant [5] was simulated by setting the outer boundary conditions of the retinal layer to ground potential (Fig. 1D) [6] . Furthermore, membrane voltage over time ( dVm dt ) was calculated using a multi-compartment model with passive membrane properties [7] . Finite element calculations were performed in Comsol Multiphysics, all other calculations in MatLab.
Results
We plotted the time course of the membrane voltage for different electrode configurations and both cell types (see Fig. 2 ) to compare the magnitude of de-and hyperpolarization of various cell compartments. During monopolar stimulation synaptic compartments of the ON type bipolar cell were stronger depolarized at the end of the pulse than OFF center synaptic compartments. To understand why this was the case, we started to investigate morphological cell properties. Doubling and halving of the axonal compartment diameter, the synaptic end compartment diameter and variation of the soma diameter by +-20% showed almost no differences in activation. Shortening of the ON type cell to the same over-all length as the OFF type resulted in a comparable membrane depolarization of both neurons. The surface area of the outer dipolar electrode was modeled to be equivalent to the surface area of the inner electrode (25µm in all calculations). So a larger radius of the outer electrode corresponds to a thiner/narrower outer electrode ring. The minimum outer ring radius had to be 38µm. In this configuration a stimulation with 1V over 2ms led to a maximum depolarization of approximately 65mV (ON type) and 69mV (OFF type) above resting potential (-56.7mV). With increasing outer ring electrode diameter synaptic compartments were depolarized stronger (see Fig.  2 ). An outer electrode ring diameter of 100µm showed almost the same results as monopolar stimulation.
Since charge limit is a crucial parameter in functional electric stimulation we also examined the applied charge density. A stimulation with 1V results in a current density of approximately 1000A/m 2 at the electrode surface. The corresponding charge per area is 0.2mC/cm 2 when delivering a 2ms pulse. This is below but in the same order of magnitude as the charge limit of Platinum-Iridium electrodes (0.4mC/cm 2 [8] ) that are commonly used in retinal implants.
Discussion
Electrode design is an important factor in retinal implants since selective stimulation of target neurons combined with reduced power consumption can improve the quality of vision and prosthetic devices. The advantage of a ring electrode configuration is that every ring on the micro-electrode array has its own ground and so can work as a small isolated electric unit. However, the dipolar configuration is consuming more power than disc electrodes to achieve the same magnitude of activation. The reason for this is that a lot of current flows directly from the inner to the outer electrode and therefore does not reach the stimulated neurons. Furthermore, this study shows no advantages in selective stimulation of ON and OFF type bipolar cells in contrast to monopolar stimulation.
New electrode configurations like pillar electrodes that 'penetrate' the stimulated tissue may be a good option for coming implant generations because the smaller distance between stimulating elements and neural tissue will lower activation thresholds and furthermore power consumption.
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